Background-Degradation of the extracellular matrix and ulceration of the mucosa are major features of inflammatory bowel disease (IBD). One of the most important enzymes in degrading the matrix and produced in excess by cytokine activated stromal cells, is stromelysin-1. The activity of stromelysin-1 is controlled by tissue inhibitor of metalloproteinase (TIMP-1), its natural inhibitor. In model systems excess stromelysin-1 produces mucosal degradation. Methods-Quantitative competitive RT-PCR was used to analyse stromelysin-1 and TIMP-1 transcripts; western blotting was used to measure the amount of stromelysin-1 and TIMP-1 protein in biopsy samples from children with IBD. Results-In biopsies from patients with active Crohn's disease (n=24), ulcerative colitis (n=23), and controls (n=16), TIMP-1 transcripts and protein were abundant and unchanged. Stromelysin-1 transcripts and protein were markedly elevated in mucosal biopsies obtained from inflamed sites of patients with active IBD but were not elevated in adjacent endoscopically normal mucosa (n=10). Elevated levels of stromelysin-1 transcripts in active Crohn's disease (n=5) returned to normal levels following treatment with enteral nutrition. Conclusions-Stromelysin-1 is markedly overexpressed at inflamed sites in patients with IBD whereas TIMP-1 remains unaltered. Excess stromelysin-1 is likely to be responsible for loss of mucosal integrity in IBD.
Degradation and remodelling of the extracellular matrix (ECM) is increasingly implicated in the pathogenesis of many inflammatory diseases such as arthritis and inflammatory bowel disease (IBD). 1 Matrix metalloproteinases (MMPs) play a key role in these events. MMPs can cleave all components of the ECM and in health act in harmony as part of normal tissue turnover. While MMPs are essential in the normal physiology of angiogenesis, uterine 2 and breast involution, 3 4 bone resorption, 5 and tissue repair, 6 7 during inflammation their dysregulation leads to excess degradation of the matrix components and loss of tissue integrity. MMPs are released from almost all connective tissue cells in response to inflammatory stimuli such as cytokines. Most MMPs are secreted as inactive proenzymes and require proteolytic processing of their amino terminal domain to become active. 8 This may be caused by plasmin, free radicals, or by other proteases. 9 10 MMP activity is controlled by their natural inhibitors, tissue inhibitors of metalloproteinases (TIMPs), or by synthetic MMP inhibitors.
MMPs have recently been shown to be important in tissue injury in the gut. We demonstrated that activation of T cells in explant cultures of fetal human intestine caused mucosal ECM degradation, 11 mediated by MMPs, in particular stromelysin-1. 12 The tissue inhibitors of metalloproteinases remained unchanged after stimulation. Recombinant stromelysin-1 caused severe tissue injury when added directly to the explants. In addition, a synthetic inhibitor of MMPs prevented matrix degradation following T cell activation. Further studies implicating MMPs in IBD came from Saarialho-Kere and colleagues 13 who used in situ hybridisation to show increased expression of stromelysin-1 in human gastrointestinal ulcers. Bailey et al, using immunofluorescence staining, showed only a slight increase in immunoreactive stromelysin-1 in areas of smooth muscle proliferation and mucosal damage in patients with Crohn's disease. 14 In this study we have quantified stromelysin-1 and TIMP-1 transcripts and protein in children with active Crohn's disease and ulcerative colitis (UC), and in normal controls. We analysed levels in endoscopically normal and abnormal mucosa in children with active IBD. We also studied the eVect of a course of exclusive enteral nutrition on stromelysin-1 transcripts in the mucosa of children with Crohn's colitis.
Methods

PATIENTS
Patients underwent video colonoscopy following satisfactory bowel preparation during the previous 24 hours. Parental consent and ethics approval had previously been obtained. Mucosal biopsies were taken from children with active UC and Crohn's disease, and from normal controls (patients suspected of IBD, justifying colonoscopy, but in whom no endoscopic or histological abnormality was detected). Resection tissue was retrieved from several patients following surgery for intractable inflammation. All tissue biopsies were retrieved from sites of macroscopically active inflammation. Biopsies were immediately snap frozen in liquid nitrogen and stored at −70°C. Multiple biopsies/specimens were also taken for separate histological assessment. In all cases of acute IBD, histology confirmed the presence of acute inflammatory changes within the colon. ). All biopsies and resection tissue were taken from sites of active inflammation within the colon of each child. All patients were receiving aminosalicylate treatment.
Group
Group B
Seven patients with macroscopically active Crohn's disease and three with active UC had paired endoscopically normal/abnormal biopsies taken during colonoscopy. Active mucosal disease was defined as erythema, granularity, loss of vascular pattern, aphthoid ulceration, and occasional frank ulceration. Biopsies were also obtained from endoscopically normal areas as close to the paired abnormal site as possible, but showing none of the above features. Biopsies from the transverse colon were analysed if representative, although the ascending or descending colon was biopsied if dictated by the presence or absence of visible abnormalities. All patients had clinically active disease as defined above.
Group C
Five patients with moderate to severe ileocolonic Crohn's disease (PCDAI mean 37 (range 30-47.5)) were biopsied before and after treatment. Biopsies were always taken from sites of maximal endoscopic inflammation within the colon. If no inflammation was visible, representative biopsies were taken from the mid-transverse colon. All children received an eight week course of exclusive oral polymeric enteral feed (AL110 / CT3211 Nestlé Clinical Nutrition). All patients also received aminosalicylates at standard doses, while two patients required steroids in addition to enteral nutrition, one child being treated acutely with intravenous azathioprine in view of the severity of his Crohn's colitis at presentation. All five children underwent complete clinical (PCDAI 0 (range 0-10)) and histological remission by the time of their repeat endoscopy at eight weeks.
RT-PCR
Competitive quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) was performed for stromelysin-1 and TIMP-1 using synthetic RNA encoding the MMP primer sites (donated by Dr G S Schultz, University of Florida, Florida, USA) according to the method described previously. 17 18 Cytokine stimulated fetal gut mesenchymal cell RNA was used as a positive control for all experiments. 12 All analyses were performed in a blinded manner, with allocated biopsy numbers only being decoded following quantitative densitometric analysis. This technique allows quantification of the number of MMP transcripts in a tissue sample to 1000 transcripts/µg of total RNA.
WESTERN BLOTTING
Western blotting was performed according to a modified method described previously. 12 In brief, biopsies were homogenised with lysate buVer (6 M urea and 50 mM Tris-Cl buVer, pH 7.6) and the amount of protein was determined by the Bio-Rad Protein Assay (Bio-Rad Laboratories Ltd, Hemel Hempstead, UK). Similar amounts of protein were loaded in each lane and were run on 10% SDS-PAGE under reducing conditions. After electrophoresis, protein was transferred to nitrocellulose (BioRad); a sheep antihuman stromelysin-1 polyclonal antibody (1/500 dilution, The Binding Site Ltd, Birmingham, UK) and a monoclonal mouse antihuman TIMP-1 antibody (1 µg/ml, Oncogene Research Ltd, Nottingham, UK) were used as primary antibodies. Rabbit antisheep or rabbit-antimouse antibodies conjugated to horseradish peroxidase (1/2500 dilution, Dako Ltd, High Wycombe, UK) were used as secondary antibodies, and the reaction was developed with the ECL plus kit (Amersham Pharmacies, Amersham, UK) or followed by DAB substrate. Computer assisted scanning densitometry (Seescan, Cambridge, UK) was used to analyse the intensity of the immunoreactive bands in the autographs. Where multiple immunoreactive bands were present, the ODs of individual bands were added together to give a measure of total stromelysin-1 in the tissue.
STATISTICAL ANALYSIS
DiVerences between groups were compared using the non-parametric Mann-Whitney U test.
Results
MMPs AND TIMP-1 TRANSCRIPTS IN THE ACTIVE LESIONS OF CHILDREN WITH IBD
Stromelysin-1 transcripts were significantly elevated in all patients with active Crohn's disease or active UC compared with normal controls. All normal controls (n=7) had undetectable levels (<1000 transcripts/µg total RNA). Patients with Crohn's disease (n=15) had a median of 100 799 transcripts/µg total RNA (range 12 900-809 4505) and patients with UC (n=14) a median of 84 803 transcripts/µg total RNA (range 15 650-399 008). There was no significant diVerence between Crohn's disease and UC (p=0.33, Mann-Whitney U test), but in both, stromelysin-1 transcripts/µg total RNA were significantly elevated compared with normal controls (p<0.00008 and p<0.0002, respectively, Mann-Whitney U test) ( fig 1A) . 1B) .
Analysis of TIMP-1/stromelysin-1 transcript ratios showed a significant diVerence between children with active IBD and normal controls. Children with active UC had a median ratio 100-fold lower than normal controls. Children with active Crohn's disease had a median 17-fold lower than normal controls. Both groups with active IBD diVered significantly from normal controls (p=0.0006, p=0.002 for Crohn's disease and UC respectively, MannWhitney U test). There was still a significant diVerence between TIMP-1/stromelysin-1 ratios of children with active Crohn's disease and active UC (p=0.056, Mann-Whitney U test) ( fig 1C) . We also used the same method to detect two other MMPs, interstitial collagenase and gelatinase B, but the number of transcripts were often less than 1000 and showed no diVerence between normal controls and the IBD patient group (data not shown).
PROTEIN ANALYSIS
Western blot analysis of stromelysin-1 protein showed similar results as RT-PCR. There was a clear increase in stromelysin-1 in the biopsies obtained from children with active IBD compared with normal controls (fig 2A) . Not only were the 58 and 60 kDa bands of inactive stromelysin-1 elevated in active IBD, but the lower molecular weight active forms of the enzyme (56/54, 44 kDa) were also clearly visible, especially in children with UC. Only the inactive enzyme was seen in control patients.
There was no significant diVerence in TIMP-1 protein levels between the three groups ( fig 2B) . The ratios of TIMP-1/ stromelysin-1 were significantly diVerent between Crohn's disease and controls (p<0.0009) and UC and controls (p<0.0003). There was no significant diVerence between Crohn's disease and UC (p<0.28, MannWhitney U test) ( fig 2C) . Figure 3 shows a representative western blot.
Interstitial collagenase and gelatinase B were also detected by western blotting, but their levels were very low and there were no significant diVerences between normal and disease tissues (data not shown). Ten children had paired biopsies obtained from endoscopically "normal" and "abnormal" areas within their large bowel. Stromelysin-1 transcripts was significantly elevated (p<0.00008, Mann-Whitney U test) in all areas of endoscopically abnormal mucosa compared with areas that were endoscopically normal (fig 4) . TIMP-1 was not significantly diVerent between these areas.
Figure 2 Quantitative analysis of stromelysin-1 protein (A), TIMP-1 protein (B), and their ratio (C) in active Crohn's disease and ulcerative colitis (UC), and in normal controls, as measured by densitometric scanning of western blots.
POST ENTERAL NUTRITION
Following an eight week treatment course of a whole protein, casein based, polymeric diet, there was complete downregulation of stromelysin-1 transcripts to normal values ( fig  5) and stromelysin-1 protein production was also decreased (data not shown).
Discussion
We have demonstrated upregulation of stromelysin-1 transcripts and its protein in the inflamed gut of children with IBD. The inhibitor TIMP-1 was abundant but unaltered in diseased and normal mucosa, both at the transcript and protein levels. There was 100-fold diVerence in TIMP-1/stromelysin-1 transcript ratios between normal children and those with active IBD whereas there was a fivefold diVerence in the ratio of protein band intensities between normal and diseased biopsies. Although these units may not directly reflect the biological activities or quantities of stromelysin-1 and TIMP-1 transcripts and protein, the consistently large diVerences suggest that the imbalance of this enzyme and its inhibitor plays a significant role in the pathogenesis of IBD. In this study we have also shown the absence of stromelysin-1 transcripts in areas of endoscopically and histologically normal large bowel in children with clinically active IBD. This is the first quantitative evidence showing the absolute number of transcripts of stromelysin-1 and TIMP-1 in gut disease. As matrix degradation and ulceration are major features of IBD, we would suggest that these are mediated by excess stromelysin-1.
This work extends the studies of SaarialhoKere and colleagues 13 who studied MMP and TIMP-1 transcripts in gastrointestinal ulcers by in situ hybridisation. Stromelysin-1 mRNA containing cells were abundant and increased at the edge of ulcers of patients with IBD, as were TIMP-1 mRNA containing cells. We could not confirm increased TIMP-1 transcripts near ulcers as we deliberately chose not to take a biopsy at the edge of an ulcer. Two previous studies have examined MMP proteins in IBD. 14 19 Bailey and colleagues, 14 using immunofluorescence staining, showed only a slight increase in immunoreactive stromelysin-1 in areas of smooth muscle proliferation and of mucosal damage in patients with Crohn's disease. Staining was diVuse and localised to the extracellular space and was probably active enzyme binding to matrix proteins. In this regard it is noteworthy that smaller molecular weight active bands of stromelysin-1 were readily detectable in IBD mucosa by western blotting in this study. Baugh et al showed upregulation of gelatinase B in IBD. 19 Both Bailey et al and Baugh et al showed that the inflammatory infiltrate was associated with increased numbers of polymorphonuclear leucocytes that stained positive for gelatinase B in Crohn's disease. For this reason we did not attempt to study gelatinase B in this study.
The cellular source of stromelysin-1 in IBD is almost certainly lamina propria stromal cells. 20 Stromelysin-1 mRNA positive cells are colocalised with smooth muscle actin positive cells in a T cell mediated tissue injury model. 21 Stimulation of mucosal stromal cell lines with IL-1 and TNF-caused a significant increase in stromelysin-1 production. 12 It is well established that these two cytokines are elevated in the mucosa of patients with active IBD 22 23 and they are probably also responsible for enhanced stromelysin-1 production.
One of the most striking features of this study was the fact that TIMP-1 transcripts and protein did not increase in inflamed gut mucosa. TNF-downregulates TIMP-1 more eVectively than IL-1 , 24 but IL-6 also aVects TIMP-1 and TIMP-3 expression. [25] [26] [27] IL-6 is elevated in the mucosa of patients with IBD. Although there is a significant increase in IL-6 in the involved mucosa of patients with UC, in CD there is no diVerence between involved and non-involved mucosa. 28 Why IL-6 fails to increase TIMP-1 production remains unclear. An IL-6/IL-6 receptor complex has been found to upregulate TIMP-1 while inhibiting expression of TIMP-3 in human synovial cells. 25 TIMP-3 is exclusively matrix bound and its inhibition may therefore contribute to local ECM breakdown during inflammation, while a systemic increase in TIMP-1 prevents more widespread ECM damage.
In other inflammatory conditions elevated stromelysin-1 is seen without concomitant TIMP-1 elevation. Stimulation of cultured scleral fibroblasts by TNF-from patients with necrotising scleritis resulted in a twofold increase in TIMP-1 mRNA compared with a sevenfold increase in stromelysin-1 mRNA. 29 There was similarly no increase in TIMP-1 mRNA in the aqueous humour of patients with uveitis while MMPs were clearly increased. 30 In contrast, Yoshihara and colleagues 31 and others have shown a clear increase in serum TIMP-1 during active rheumatoid arthritis, but importantly, levels within the synovial fluid remained unchanged. In studies of toxic liver damage in humans and rodents, an early increase in TIMP-1 mRNA-that is, during acute inflammation-was noted. 32 33 This suggests that there may be a temporal peak in the inhibitor early in the course of the inflammatory response, although we are unable to document this in well established human IBD. It appears that local concentrations of TIMP-1 and MMPs are diVerentially regulated in inflammatory conditions in diVerent tissues.
The lack of an increase in TIMP-1 may however be compensated for by an increase in other TIMPs. TIMP-2, TIMP-3, 4 34 and TIMP-4 35 have also been identified in the mucosa of patients with IBD. TIMP-3 is present in both normal and inflamed gut mucosa, yet there are far fewer positive cells within normal tissue compared with both IBD and ischaemic colitis. TIMP-3 is predominantly seen within macrophage-or fibroblastlike cells in the lamina propria and in endothelial cells. 36 In ongoing studies we are analysing other TIMPs within the mucosa of children with IBD to determine their distribution and relationship to disease activity.
We have also shown that enteral nutrition can return stromelysin-1 transcript levels to normal in active Crohn's disease. However, we would emphasise that this study was only preliminary and not controlled. Indeed, based on the fact that stromelysin is not elevated in biopsies from endoscopically normal mucosa, we would predict that any therapy which reduces mucosal inflammation will lead to a reduction in stromelysin. While the mechanism of action of enteral nutrition is unclear, it has been shown to downregulate mucosal IL-1 , IL-2, and IFN- 37 and we have shown previously that IL-1 is a potent inducer of stromelysin in gut myofibroblasts. 12 As cytokines have such a clear eVect on MMPs, it may be that downregulation of these by enteral nutrition, steroids, and immunosuppressants causes mucosal healing. Recent attention has focused on the ability of the monoclonal cA2 TNF-antibody to heal aggressive and fistulising Crohn's disease. 38 Blockade of TNFhas a marked eVect on the ability of the matrix to restore itself. Brennan and colleagues 39 clearly showed downregulation of both collagenase-1 and stromelysin-1 in the serum of patients with active rheumatoid arthritis after treatment with antirheumatoid arthritis factor. In an ex vivo model of T cell mediated matrix degradation in explants of human fetal intestine, we have also shown that blockade of TNF-prevents matrix degradation concomitant with inhibition of stromelysin-1 production. 40 We would suggest that one of the ways in which anti-TNF-heals fistulae is by blocking TNF-induced matrix degradation and thus allowing the fistulas to heal.
Finally, we would like to suggest that excess MMPs induced by excess cytokines play a major role in the degradation of the matrix in the mucosa leading to ulceration, and are probably the final step in the cascade of events leading to tissue injury. Agents that inhibit MMPs have been developed by a number of companies and while it would be unwise to use MMP inhibitors as a single therapy for active IBD, we feel that they may provide another target to help heal the mucosa.
